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Arabidopsis does not flower in winter because FLC represses flowering genes, but prolonged cold exposure
silences FLC, allowing flowering in spring. How do plants recalibrate this switch to adapt to different
climates? Reporting in Science, Coustham et al. (2012) found that tweaking a Polycomb target sequence
may do the trick.One key to the evolutionary success of
plants was the evolution of mechanisms
that allow them to adjust growth and
development to environmental condi-
tions. Winter, in particular, can be an
inhospitable period, and many plants
evolved mechanisms that delay flowering
until spring, when conditions are more
favorable. Many plants require vernaliza-
tion—an exposure to a long period of
cold—before they are able to flower.
Winter annual accessions of Arabidopsis
thaliana require vernalization, which is
predominantly regulated by FLOWERING
LOCUS C (FLC), encoding a MADS-
domain transcription factor that acts as
a repressor of flowering (reviewed in
Kim et al., 2009). During the cold period,
FLC is silenced through histone modi-
fications, in particular trimethylation of
histone H3 lysine 27 (H3K27me3) by a
Polycomb Repressive Complex 2 that
contains PHD proteins (PHD-PRC2). After
a long period of cold, H3K27me3 leads
to the stable silencing of the floral
repressor FLC, thus allowing the plant
to flower.
Most of the variation in vernalization
requirements of A. thaliana accessions
(ecotypes) is due to allelic variation in
FLC and FRIGIDA (FRI) (Kim et al., 2009;
Strange et al., 2011), a positive regulator
of FLC. This causes quantitative differ-
ences in the epigenetic silencing of FLC
(Shindo et al., 2006), but the molecular
basis of this process was not well under-
stood. Now, Coustham et al. (2012)
reports in a recent issue of Science that
four polymorphisms within the Polycomb
nucleation region of a North European
FLC allele are sufficient to cause a
decrease in H3K27me3 and reduced
silencing of FLC, thereby increasing the
requirement for a long vernalization
period in these plants.With a distribution range from the
equator to the polar circle, A. thaliana
shows large variation in the require-
ment for vernalization. Coustham and
coworkers (2012) used a mapping popu-
lation between Lov-1 (a Swedish acces-
sion that requires 2 months of cold for
flowering) and a modified Col accession
(a laboratory strain that requires less
than 1 month of cold for flowering) to
fine-map a major quantitative trait locus
for vernalization. Not unexpectedly, the
variation was mapped to a genomic
interval that includes FLC. To investigate
functional differences between the Lov-1
and the Col FLC alleles, the respective
genomic clones (including coding se-
quences and cis-regulatory regions)
were transferred into an flc-2 mutant
background. Following a short 1 month
vernalization, plants with the Lov-1 FLC
allele flowered later than plants with the
Col FLC allele, confirming that FLC is
responsible for the Swedish Lov-1 acces-
sion requiring a longer cold period to
induce flowering.
The level of FLC expression is the
primary determinant of the vernalization
requirement in A. thaliana (reviewed
in Kim et al., 2009). Coustham and
colleagues (2012) showed that after the
short 1 month cold exposure, expression
of the Lov-1 FLC allele was reactivated
after the plant was moved to warm con-
ditions. Reactivation of the Lov-1 FLC
allele also occurs when it is introgressed
into a Col genetic background, where
the Col FLC allele, however, remains
silenced. This indicates that variation in
cis-regulatory elements at the Lov-1 FLC
locus is responsible for its reactivation
following incomplete vernalization. Chro-
matin immunoprecipitation (ChIP) anal-
yses throughout the FLC locus showed
that the Lov-1 FLC allele (in both theDevelopmental Cell 23, SeLov-1 background and the Col back-
ground) required a longer cold period to
achieve levels of H3K27me3 similar to
that found at the Col FLC allele. This
suggests that the incomplete silencing
of FLC and the requirement for a longer
vernalization period in Lov-1 are the
result of less-efficient accumulation of
H3K27me3 at FLC in the Swedish
accession.
To map the regions within the FLC
locus that are responsible for the varia-
tion in FLC silencing, Coustham et al.
(2012) generated transgenic plants con-
taining a series of chimeric Lov-1/Col
FLC alleles. By comparing the expres-
sion levels of these chimeric FLC alleles
following incomplete vernalization, they
were able to show that an 800 bp region
in the Lov-1 allele, spanning the first FLC
exon and part of the promoter and first
intron, is sufficient to cause reactivation
of FLC. This region is localized around
the nucleation region where PHD-PRC2
initiates a local accumulation of
H3K27me3 during cold exposure. There
are only four single nucleotide polymor-
phisms (SNPs) between Lov-1 and Col
in this 800 bp region. So how do these
polymorphisms affect the deposition of
H3K27me3? This is still unclear, but
there are some interesting possibilities.
Two of the SNPs overlap with a region
that encodes COOLAIR, an antisense
transcript at the FLC locus. Coustham
and colleagues (2012) showed that,
following a short cold treatment, one
COOLAIR variant is more abundant in
Lov-1 than in Col plants and suggested
that this variant could antagonize
PHD-PRC2 recruitment. Two SNPs are
located in the FLC promoter, so another
conceivable hypothesis is that initial
differences in FLC transcription may be
a trigger, and not just a consequence,ptember 11, 2012 ª2012 Elsevier Inc. 453
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Previewsof differential H3K27me3 at the Lov-1
and Col alleles (Buzas et al., 2011).
The interaction of several SNPs,
including others located outside the
nucleation region, likely accounts for a
complex effect in PHD-PRC2 nucleation,
persistent histone modification, and
FLC expression. Recent genome-wide
scans have identified selective sweeps
that are correlated with climate-related
traits and genes, particularly flowering,
suggesting that positive selection of
new mutations played an important role
in climate adaptation (Hancock et al.,
2011; Horton et al., 2012). Now, the
identification of a handful of SNPs that
quantitatively affect the vernalization
requirement offers the possibility to study
some of these evolutionary dynamics
in greater detail. Encouragingly, the
distribution of these four SNPs in other
accessions of A. thaliana shows that
two of these polymorphisms are signifi-
cantly associated with the vernalization
response.454 Developmental Cell 23, September 11, 20Mutations in the cis-regulatory ele-
ments of genes are a major driving force
in evolution (Carroll, 2008; De Robertis,
2008; Pires and Dolan, 2012). An endless
number of themes and variations can
theoretically arise from the quantitative
modulation of the expression of only
a few genes. A key to the success of
A. thaliana, a cosmopolitan species that
has colonized a wide range of habitats,
was the ability to adjust the flowering
response to the local climate. The recali-
bration of the FLC switch nicely illustrates
the apparent simplicity with which a few
changes in the noncoding sequences of
one gene can quantitatively modulate
chromatin modification and alter the
timing of reproductive development,
thus allowing a species to thrive under
very diverse climatic conditions.REFERENCES
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Proteins are degraded from the ER by endoplasmic reticulum-associated degradation (ERAD). In a recent
issue ofMolecular Cell, Fleig et al. (2012) describe a role for a ubiquitin-binding rhomboid protease, RHBDL4,
in degradation of select ERAD substrates. These findings and the significance of rhomboids and other
intramembrane proteases are discussed.Intracellular protein degradation occurs
predominantly through two routes. Intra-
lumenal degradation takes place primarily
in lysosome-derived structures either by
trafficking through the secretory and en-
docytic pathways or as a consequence
of autophagy; both of these involve ubiq-
uitination. The second mechanism is
through often exquisitely regulated degra-
dation by the ubiquitin proteasome
system (UPS). One of the major sitesfrom which proteins are targeted for
degradation is the endoplasmic reticulum
(ER). Up to a third of proteins are translo-
cated into the ER, where they are modi-
fied (e.g., N-glycosylation, signal peptide
cleavage, proline isomerization, disulfide
bond formation), folded into native
conformations with the assistance of
chaperones, and assembled into
multiprotein complexes. Proteins that
successfully navigate these hurdles eitherare secreted or take up residence in the
secretory pathway, in the endocytic-
lysosomal pathway, or at the plasma
membrane. Managing this complexity
requires efficient means for degrading
misfolded or excess proteins. It was orig-
inally thought that this ‘‘quality control’’
occurred through intralumenal proteases
in the ER or another pre-Golgi com-
partment. We now know that such degra-
dation (ER-associated degradation, or
